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TABLE II
PARAMETERS OF THE ANALOG AND DIGITAL CHANNEL MoDEL." THE NUMERICAL VALUES OF €, AND €, ReFER TO DPSK
Moburation with Ey /N, = 10dB

Satellite
Elevation  Environment  Antenna A 10log ¢ ® a D, D, € €
13* Highway c3 0.24 10.2dB -89dB 5.1dB 9%m 29m 16-107 023
City C3 0.89 39dB  -11.5dB 2.0dB 9m 70m 1.4-107% 0.29
18° City C3 080 64dB —11.8dB 404dB 8m ¥2m 72-1007 029
City D5 080 55dB -10.0dB 3.7dB $m 3Mm 95-107° 0325
e New City DS 0.57 106dB -123dB 50dB 45m 6m 1.3-107° 0.0
Highway D5 0.03 16.6dB ~7.1dB  55dB 524m ISm [.1-107* 0.19
Highway s6 0.03 18.1dB ~79dB 48dB Sl4m 17m 7.6-107° 0.20
24° Oid City C3 066 60dB —-108dB 28dB 27m S52m 83-107> 027
0Old City DS 0.78 9.3dB -12.2dB 44dB 2lm 76m 23-107 0230
0Md City S6 079 119dB -129dB S50dB 24m 88m 7.0-107* 0.32
Highway 3 025 11.9dB ~-77dB 60dB 188m 62m 6.8-10"¢ 020
Highway S6 0.9 17.4dB -8.1dB 42dB 700m 160m 9.0-10"% o0.21
34° City C3 0.58 60dB -106dB 2.6dB 24m 3m B83-107 027
City M2 072 10.0dB -119dB 49dB 2Im SS5m (.7-10"% 0.29
City 56 0.60 9.5dB -122dB 20dB 20m 3im 21-107% 031
Highway c3 0.008 11.7dB ~-88dB 38dB 1500m 12m 7.6-107* 0.22
Highway s6 0.007 16.7dB —134dB 53dB (500m ilm L1-10"% 0.32
43° City c3 0.54 55dB —13.6dB 38dB 42m 49m. 9.5-10°% 034
City M2 0.65 11.0dB -154dB 5.44B t6m 29m L.1-107% 036
City S6 0.56 65dB -156dB 38dB Slm 65m 7.0-107° 0.38
Highway C3 0002 148dB -i20dB 29dB 8300m 17m 20-10"* 0.30
Highway M2 0002 17.3dB —-138dB 20dB 830m 17m 9.2-10"* (.35

'With respect to results listed in [15], this table contains some

evaluation.

density according to (5) and the corresponding distribution
function are included in Figs. 4 and 5 as full lines. The fits
show good agreement with the statistics of the recorded
signal power. In Fig. 4 the Rician density which forms a
pronounced peak at the power level of the unfaded satellite
link can clearly be distinguished from the Rayleigh/log-nor-
mal density which increases for low power level. The distri-
bution functions shown in Fig. 5 exhibit a bend at — 1 dB for
highway and at 4 dB for city, respectively. Above these
levels the Rician fading (unshadowed areas) is predominant,
characterized by the straight part of the line. At levels below
the bend lognormal shadowing is present.

It may be expected that a transmission during shadowed
intervals will not be successful with a realistic link budget.
Therefore, the most important parameter of the land mobile
satellite channel is the time-share of shadowing. 4. 1-4 is
the time-share during which a transmission is possible and
therefore represents a rough estimate for the achievable gross
throughput of digital transmission systems. Fig. 8 shows the
parameter 1-A for different satellite elevations. The symbols
represent single recording experiments. The lines show that
the time-share of unshadowed intervals, 1-A4 tends to increase
with elevation (shadowing decreases). The values of 1-A4
indicate that on highways substantial data throughput can be
achieved for all elevations tested, whereas in cities the
throughput is rather small for low elevation.

During the periods without shadowing, the channel is
modeled as a Rician channel (2), with the fading behavior
described bv Rice-factor c¢. Large values of ¢ indicate few
muitipath fading (¢ - 2 for the Gaussian channel) resulting
it good transmission characteristics. Small values of ¢ corre-
spond to severe fading ¢ = 0 for the Rayleigh channel).

differences which are due to improved techniques of statistical

B. Biit Error Rate for Continuous Transmission

The error probability of a received symbol is determined
by the ratio of symbol energy E, and one-sided noise power
spectral density N,. The received symbol energy E, depends
on the signal-to-noise ratio E,,, /N, of the unfaded link and
on the amount of shadowing and fading within the symbol
duration. For reasonably high bit rates and realistic mobile
speed v the fading varies slowly compared to the bit rate
[18], then, the received signal power may be considered
constant during one symbol interval. For a DPSK symbol
received with momentary power S normalized to the power
of the unfaded satellite link the error probability is

1
BER(S) = ‘2‘ exp (- SE /"No)' (7)

With the probability density function p(S) of the received
power the mean BER becomes

BER = / "BER(S) p($) dS. (8)

The mean BER may be evaluated by numerical integration of
(8). [15]. Based on (5), analytic expressions for the mean
BER of DPSK and noncoherent FSK transmission are derived
in [19).

Fig. 9 shows the resulting mean BER for DPSK transmis-
sion. The curves show that in shadowed areas, a prohibitively
high link power would be necessary to reduce the BER to an
acceptable range. [n unshadowed areas a BER of 10™* is
achievable with moderate link power in spite of the presence
of multipath fading. Using forward error correction (FEC)
coding and interleaving, the link behavior may be improved
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further {20]. The full lines in Fig. 9 show the BER averaged
over both, shadowed and unshadowed areas.

C. Analog Model of the Land Mobile Satellite Channel

Fig. 10 shows a dynamic model of the iand mobile satellite
channel that reproduces the probability density function of
the received signal power as well as the dynamic behavior of
the fading and shadowing process. The transmitted signal
sir) is deteriorated by multiplicative fading @i 7) and additsve

k13
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Fig. 10. Dynamic model of the land mobile satellite channel. The signals
s(t), n(f), e(t), and the fading process a(f) are complex valued.

white Gaussian noise n(f) with power spectral density N,.
The resulting received signal is

e(r) = s(1) - alt) + n(1). ()

It should be noted that the fading process a(r) produced by
the channel model is complex valued. The concept of multi-
plicative fading can be applied when the bandwidth of the
transmitted signal is small compared to the coherence band-
width of the fading. Measurements in urban environments
{21] have shown that the coherence bandwidth of the land
mobile channel is usually in the order of 100 kHz or larger.
Therefore, the channel model according to Fig. 10 may be
used for signal bandwidths up to several tens of kilohertz.
Cochannel interference and adjacent channel interference are
not considered in this paper, but may be easily included in
the model if required.

Acccrding to Fig. 2 and Section III-A, the fading process
a(t) is “‘switched’’ between Rician fading, representing un-
shadowed areas with high received signal power (good chan-
nel state) and Rayleigh/lognormal fading, represenung shad-
owed areas with low received signal power (bad channel
state). This is a reasonable approximation to reality resulting
in a simplified channel model. The characteristics of the
switching process between shadowed and unshadowed sec-
tions can be approximated by a Markov model (22]. For a
given speed v m/s and bit rate R b/s, the transition probabil-
ities Dgp and Pp, can be related to the bit duration. Accord-
ing to the Markov model, the mean duration of a period of
good (bad) channel state is given by

D, bi : RD
fts = — = —D, m
2 Py it
. l R ,
D, bits = — = —D, m. (10)
Pye v

The probability that a good (bad) channel state lasts longer
than 7 bits 1s

P> ni = py,

po(>n)r=pj,. {11)
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Plotting these probabilities in a semilogarithmic scale results
in straight lines with slopes log p,, and log p,,. respec-
tively.

To verify if the shadowing process of the recorded chan-
nels can be approximated by a Markov model. the probability
of the short-term mean received signal power staying above
(below) a threshold for longer than n bit durations has been
evaluated. Periods of the received signal power above and
below the threshold are considered good and bad channel
states, respectively. The threshold must be determined such
that the time-share when the received signal power is beiow
the threshold is equal to A. The time-share A of shadowing
is known from curve fitting, Table II. The threshold can be
determined from the probability distribution function of the
received signal power. Fig. 11(a) and (b) shows probabilities
of good (bad) channel states lasting longer than n bit in
duration as evaluated from the recorded channel. The straight
lines represent the approximation according to (11).

For short duration. the statistics of the recorded channel
deviated from the straight lines. This is caused by level
crossings due to fading. For longer duration. however, the
Markov process is a good approximation. The transition
probabilities of the Markov model can be derived from the
probability distributions p,(> n) and p,(> n of the record-
ing bv approximating them with straight lines. as shown in
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Figs. 11(a) and 11(b). The mean duration of a good (bad)
channel state follows from (10), and

Poo = 1~ Dy
Dpg =1 = Dps-

(12)
The time-share of shadowing, A, is related to the durations
D, and D, by
A= __D_;"___
D, + D,

(13)

The duration D, and D, evaluated from the distributions
P(> n) and py(> n) usually do not satisfy (13) exactly.
Therefore, mean values are computed according to

— 1 1-A4

Dg=—2' g+ ) Db

— 1

”=E{ _ADg+D,,] (14)

For the measurements listed in Table II, the durations D, m
and D, m were determined by (14).

Having described the dynamic behavior of the shadowing
process, the fading process is considered below. As ex-
plained in Section II-A and indicated by Fig. 10, "¢ &
ceived multipath signal may be modeled as a Rayleigh pro-
cess having Rayleigh distributed amplitude and uniformiy
distributed phase. This process may be generated by complex
addition of two independent stationary Gaussian processes.
The spectral properties of the complex Rayleigh process are
defined by an appropriate filter. In order to model the fading
in city environments, a filter may be chosen that approxi-
mates {18, eq. (20)). For rural environment, the filter should
have a slowly decreasing low-pass characteristic as shown in
Fig. 3(b). As a compromise, a flat low-pass filter with a
bandwidth of maximum Doppler frequency may be used for
all types of environments.

Based on the filtered Rayleigh process, the Rician fading is
produced by attenuating the Rayleigh process to power of
1/c and adding a value of unity to represent the direct
satellite signal component. The Rayleigh/lognormal fading is
generated by multiplying the Rayleigh process with a slow
lognormal shadowing process. This approach has the advan-
tage that very deep fades can be reproduced which is not
possible when assuming constant multipath power. Situations
with partly shadowed line-of-sight signal are also included in
the Rayleigh/log-normal fading. In order to approximate the
dvnamic behavior of the log-normal shadowing, the short-
term mean received signal power S, may be chosen accord-
ing to its probability density (4) independently for each
shadowing interval and kept constant during that interval.

D. Digital Model of the Land Mobile Satellite Channel

Digital channel models describe the bit error process on
the physical link and therefore give a higher level of abstrac-
tion. Due to the dominance of the shadowing process, the
two-state Gilbert-Elliott model [23] appears very suitable for
the land mobile satellite channel. The dvnamics of the state
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transitions are very similar 10 those described above for the
transitions between the good and bad states in the analog
model. Measurements and simulations have shown that the
underlying Markov-chain can be described by the same prob-
abilities p,, and p,, from (12) or by a state diagram in
[24].

Once p,, and p,, are given, the bit error rate values ¢,
and €, in the good and bad states. respectively, can be
obtained [19]. The results are given in Table I for a DPSK
signal with E,,, /Ny = 10 dB. The values of ¢, and ¢, may
also be obtained from the stored channel measurements.

[V. BLock ERROR STATISTICS AND MODEL COMPARISON

In packet data communications, the blocks of data can be
protected against transmission errors either by forward error
correction (FEC) or by automatic repeat request (ARQ). For
a plain ARQ scheme with error detection, the probability of a
data block comaining no errors is directly related to the
throughput of the ARQ scheme. If a r-error correcting block
code is applied, the probability of correct block decoding
equals the probability of at most ¢ errors occurring in the
data block. Investigations concerning the achievable through-
put of ARQ schemes as well as the optimization of code rate,
signaling rate, and data block length are contained in {15] and
[25]). No bit interleaving is assumed here because the bit
error rate in the good state is reasonably low and in the bad
state is very high. Without interleaving, it is possible to have
a complete data block in an interval of good channel state.
Thus an ARQ scheme exploits time intervals with good link
characteristics for reliable data transmission.

Transmission channels with memory such as the land
mobile satellite channel which has a strong statistical depen-
dency among error gaps can be characterized by multigap
distribution or by error correlation function [24], [26]. With
error gap » being the number of consecutive correctly re-
ceived symbols between errors plus 1, the gap density f (»)
1s defined as

Si») = Ple, =00 e, =00 - N

e,_;=0Ne =1lleg, =1)

(15)

where ¢, is O for an error-free symbol and 1 for an error.
The complementary gap distribution function F,(») which
is the probability of an error gap being larger than ». is given
by
Fi(v) =1~ 3 7.00). (16)
The gap density /,(/) i> related to the block error density
P(m, nj by {26}

]
faj) = ;{P(O,j = =2P(0.) + P(0.j = 1],
i17)
where p is the mean bit error probability.
[aserting ¢17) fa1o (161 z=d assumiag that P10, Oy = 1 amd

Py =1~ g e coopeoecizn ) JSribuica M-
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tion becomes
P(0,») - P(O,v + 1)
Fi(v) = o : (18)

The behavior of the recorded channel and its comparison
with the channel models in terms of block error density
P(m, ny, complementary gap distribution £,(»), and condi-
tional block error probability Py . will be given where P o
is the probability that a biock contains errors after decoding
under the condition that the preceding block also contained
errors, These criteria are well related to the transmission of
data packets and are easy to measure in a real system. The
error correlation function was not used because the caicuia-
tion requirement was extensive, and the results did not show
clearly the channel behavior in various environments.

For the digital model, the block error probability density
P(m, n) can be analytically derived from the state transition
probabilities. With Z being the state *‘good’’ or ‘‘bad’’ and
P, the state probability, P(m, n) becomes

P(m,n)y =% P(m,n|Z)P,.
)

(19)

The conditional probabilities P(m, n| Z) are calculated us-
ing recursion, starting with the first bit of a block. This result
is found in {22] and {23] and is not repeated here. The block
error probability density for the recorded measurements is
directly determined by a window of blocklength n sliding
along the measurement sequence and calculating the probabil-
ity of m errors within the window. The average of all
window results gives a very good approximation of the
probability P(m, n) as the number of samples is very large.

For two typical environments, city and highway, P(m, n)
is depicted in Fig. 12. Each diagram compares the results of
the stored measurements, the analog model and the digital
model for a block length of n = 100 bits. For small error
numbers m, the models match the measurement curves very
well. This region is of most interest because these few errors
could be corrected by an error correcting code. The
Gilbert-Elliott model exhibits a deep floor for the probability
of 2-15 errors. The steep slope of the curve above its
maximum stems from the fact that error events within the bad
siate are generated independently and that corresponds to the
binomial distribution function. A comparison of the full line
(recording) and the dashed line (simulation using the analog
channel model) shows rather good agreement. This shows
that the channel model, Fig. 10, not only reproduces the
probability density function of the received signal power but
models the dynamic behavior of the bit error sequence as
well.

The information of the complementary gap distribution
F,(v) is completely contained in the block error probability
densities P(m, n), n = », v + | as indicated by (18). Fig.
13 shows F (») for the same recordings and channel models
as Fig. 12. Here, the bad channel state corresponds 1o small
values of v». and the good channel state corresponds to
large ».

The pertformance of forward error correction is Jetermined
oy e 0lOCk <Tor prodeoulny . Po. Wt is. & DioCk coalains
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more errors than the code can correct. With bounded distance
decoding, a block code can correct up to ¢ errors in a block
of length n and the block error probability, Pr can be
calculated from

P.= Y ‘P(m,n). (20)

Due to very strong channel memory. a mean state duration is
in the order of thousands of bits. and it is obvious that packet
errors in succeeding blocks are highlv dependent. This must
be considered for the design of ARQ schemes. The depen-
dence of block errors is shown bv means of the conditional
lock error probability. Pr. g. For the Gilbert~Elliott model.
Pc ¢ can be analyticaliy derived [22].
The curves of Pr., are shown in Fig. 14. The abscissa
shows the distance between two defective blocks in bits. The
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conditional error curves, Pg, approach asymptotically the
unconditioned block error probability, Pr which is 0.78 for
city environment and 0.18 for highway. But, this happens
only after the transmission of several thousands of bits. Long
correlation is seen in the highway environment where P
is still greater than P, after ten-thousand bits or an 8.3-s
delay. In all cases, the models approximate reality quite well.

V. CONCLUSION

The land mobiie satellite channel has been recorded and
subjected to a statistical evaluation. An analog channel model
was developed that can readily be used for fading simulation
purposes. This channel model is largely characterized by the
time-share of shadowing, A, and the Rice-factor, ¢, describ-
ing the channel during unshadowed periods. Alternatively,
the land mobile satellite channel can be represented by a
two-state Gilbert-Elliott model. A comparison of block error
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statistics shows good agreement between the recorded chan-
nei and the models. In combination with their parameter
values, the developed channel models represent useful toois
for the design and analysis of data transmission schemes.
Moreover, the models show that reliable and etficient data
transmission via the land mobile satellite channel should be
achievable, if the transmission scheme is suitably adapted to
the channel behavior.
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